Only in the last decade did modeling studies predict, and knockout experiments confirm, that type 2 diabetes is a "2-hit" disease in which insulin resistance is necessarily accompanied by ␤-cell defect(s) preventing the compensatory upregulation of insulin secretion. This longdelayed insight was associated with the development of a constant, the "disposition index," describing the ␤-cell sensitivity-secretion relationship as a rectangular hyperbola. Shifts in insulin sensitivity are accompanied by compensatory alterations in ␤-cell sensitivity to glucose. Insulin-sensitive subjects do not require a massive insulin response to exogenous glucose to maintain a normal blood glucose. But if their insulin sensitivity decreases by 80%, as in late pregnancy, they need a fivefold greater insulin response to achieve an identical disposition index. Women with gestational diabetes have an insulin response similar to that of normal volunteers; at first glance, this suggests similar islet function, but the utility of the disposition index is to normalize this response to the amplitude of third trimester insulin resistance, revealing severe ␤-cell deficiency. The index is a quantitative, convenient, and accurate tool in analyzing epidemiologic data and identifying incipient impaired glucose tolerance. Separate major issues remain, however: the causes of insulin resistance, the causes of the failure of adequate ␤-cell compensation in type 2 diabetes, and the nature of the signal(s) from insulin-resistant tissues that fail to elicit the appropriate ␤-cell increment in sensitivity to glucose and other stimuli. The disposition index is likely to remain the most accurate physiologic measure for testing hypotheses and solutions to these challenges in whole organisms. Diabetes 51 (Suppl. 1):S212-S220, 2002
D
efective function of the pancreatic ␤-cells is now accepted to be a hallmark of type 1 and type 2 diabetes. The importance of the ␤-cells in type 1 diabetes has long been accepted. On the contrary, the necessity of a pancreatic defect in type 2 diabetes has only recently been widely appreciated (1, 2) . For many years, it was considered that insulin resistance alone could engender hyperglycemia in those without immune etiology of disease (3, 4) . Results based on modeling indicating that ␤-cell upregulation would compensate for even severe insulin resistance and not result in fasting hyperglycemia (5) were recently supported by the laboratory of C.R. Kahn and colleagues, who demonstrated that knockout of the muscle insulin receptor using Cre-loxP methodology did not result in a diabetic phenotype (6) . Compensatory hyperinsulinemia was sufficient to allow for regulation of the blood glucose in the normal range. On the contrary, modeling studies predicted that a ␤-cell defect in the face of insulin resistance would engender a diabetes phenotype (5) . This result was likewise confirmed by knockout of the insulin receptor as well as IRS-1, which led to insulin resistance, ␤-cell defect, and diabetes (7) . Thus, type 2 diabetes is most often a "2-hit" phenomenon, in which insulin resistance is accompanied by a ␤-cell defect preventing compensatory upregulation of insulin secretion. The hyperbolic sensitivity-secretion relationship. It is of interest to consider why several decades passed between the demonstration of severe insulin resistance and the recognition of the absolute necessity for a ␤-cell defect for the pathogenesis of type 2 diabetes. To understand the role of the ␤-cell, it has been useful to elucidate the quantitative relationship between insulin sensitivity and insulin action as it exists in normal (i.e., not prediabetic) individuals. Some years ago, we postulated that, if ␤-cells are normal, the sensitivity-secretion relationship could most efficiently be expressed as a rectangular hyperbola (8) . The product of insulin sensitivity and insulin secretory response would equal a constant, which we named the "disposition index" (Fig. 1 ). Based on a limited data set obtained in human volunteers, we postulated that shifts in insulin sensitivity would be accompanied by compensatory alterations in ␤-cell sensitivity to glucose (Fig. 1) . Thus, reduction in insulin action (1 insulin resistance) should upregulate ␤-cell sensitivity, whereas enhancement of insulin action (2 insulin resistance) would downregulate ␤-cell sensitivity. This is illustrated in Fig. 1 . Consider a normal, insulin-sensitive subject, with an insulin sensi-tivity index (S I ) equal to 2.0 ϫ 10 Ϫ5 min Ϫ1 per pmol/l. Such an insulin-sensitive individual would not require a massive insulin response to glucose administration to maintain normal blood glucose and glucose tolerance; first-phase ␤-cell response in this individual might be 400 pmol/l, yielding a disposition index of 800. A similar individual, experiencing a reduction in insulin sensitivity of 80% due to one of many possible causes (puberty, pregnancy, infection, increased adiposity), would be predicted to mount a fivefold greater insulin response (to 2,000 pmol/l), exhibiting the identical disposition index of 800. The single parameter, the disposition index (DI), can thus be envisioned to predict the normal ␤-cell response adequate for any degree of insulin resistance. The DI is a measure of the ability of the ␤-cells to compensate for insulin resistance. It can be considered a measure of the functionality of the pancreas in the intact individual.
The hyperbolic hypothesis was proposed based on a small cohort of subjects. It has been supported by numerous studies in humans, dogs, and recently, rodents (cf., 9 -11). S. Kahn and colleagues were the first to confirm the hyperbolic relationship in a cohort of 96 nondiabetic subjects (12) , and additional confirmations have emerged from populations in excess of 1,000 (13) . It appears that the proposed relationship provides a quantitative and convenient approach to expressing normal metabolic functionality in vivo. ␤-Cell defect. What then is to be expected in the case of defective islets? It is reasonable to assume that ␤-cells would suffer from a reduced ability to upregulate insulin secretion in the face of insulin resistance. On the sensitivitysecretion representation (Fig. 2) , this loss of function would be associated with a lower DI, which is represented by a curve shifted closer to the origin (e.g., Fig. 2 ). Under sensitive conditions (e.g., S I ϭ 2.0 ϫ 10 Ϫ5 min Ϫ1 per pmol/l), it is difficult indeed to distinguish normal from dysfunctional ␤-cells, because the cells are not challenged by insulin resistance. Under resistant conditions (e.g., S I ϭ 0.4 ϫ 10 Ϫ5 min Ϫ1 per pmol/l), the difference between normal and diseased islets is magnified and easier to detect. This relationship may well explain the failure to detect islet-cell defects in young, normal-weight, and still insulin-sensitive individuals. Later in life, when insulin resistance becomes profound, the presence of a ␤-cell defect becomes obvious. However, careful assessment of ␤-cell response, i.e., normalizing the response to resistance by calculating DI, may allow for early prediction of those who will eventually demonstrate type 2 diabetes. In view of recent evidence that sensitization of insulindependent tissues by pharmacologic means (9) or lifestyle changes (15) may prevent diabetes, early prediction of at-risk individuals may become extremely important. Thus, an argument may ultimately be made for assessment of the DI in subjects who have familial risk for the disease. Supportive of this assertion is the recent evidence from Elbein et al. (16) that, in a population from Utah, the heritability of DI is 67 Ϯ 3%.
The assertion of the foregoing is that the earliest phenotypic ␤-cell defect that may be detected in otherwise glucose-tolerant individuals is a reduced DI. It is possible that genetic determinants may be more powerful, and certainly simpler to apply, than phenotypic information to identify at-risk individuals. However, in view of the difficulties in identifying important genetic loci for diabetes risk and explaining them in terms of the coded proteins, the DI may be a useful approach to identifying at-risk individuals for the immediate future. Masking of islet dysfunction by insulin resistance. Regardless of its potential usefulness for predicting diabetes, the concept of the DI may be used to clarify otherwise conflicting evidence regarding environmental and genetic effects on islet cell function. Example 1: gestational diabetes mellitus. It is common for islet dysfunction to be accompanied by insulin resistance. While this is not always the case for wellcontrolled type 1 diabetes, overwhelming evidence exists for two defects in most cases of type 2 diabetes, although type 2 diabetes in the absence of insulin resistance has been reported in a few populations (17) (18) (19) . How may one evaluate the health or lack thereof of the endocrine pancreas in the face of insulin resistance? The difficulty inherent in doing this is illustrated in Fig. 3 . This figure exploits data obtained by Buchanan and colleagues (20 and Buchanan, unpublished observations), in which they have examined insulin secretion and action in Hispanic women with gestational diabetes mellitus (GDM).
The hyperbolic relationship is elegantly depicted by the secretion/sensitivity changes during pregnancy (Fig. 3A) . In normal women, in response to the 75% decrement in S I during the third trimester, Buchanan and colleagues observed the compensatory tripling of the acute response to intravenous glucose injection (Fig. 3A) . They also observed that a cohort of women with GDM in whom secretion and sensitivity were assessed after term defined a hyperbolic curve with a reduced disposition index-i.e., the curve was shifted closer to the origin (Fig. 3B) . Their data suggested that the women with GDM had a substantial ␤-cell defect (compare with Fig. 2) . However, not all investigators have reported islet defects in GDM (21) . Why they might reach this conclusion is illustrated by Fig. 3D . Note that women with GDM are insulin resistant. The sensitivity-secretion data for these women lie on a lower hyperbolic curve, indicating a substantial ␤-cell defect. However, in agreement with the hyperbolic hypothesis, the greater resistance of subjects with GDM upregulates ␤-cell response such that the insulin response for women with GDM is virtually identical to that of normal volunteers. The normal and GDM insulin responses per se would suggest similar islet function. However, normalizing to the degree of insulin resistance with the DI (Fig. 3C ) reveals the severe deficiency in pancreatic function characteristic of women with GDM (22) .
The example of Fig. 3A -D emphasizes the inherent difficulty in interpreting ␤-cell response per se as an index of islet health, without normalizing to the degree of insulin resistance. The example also shows that the DI can accurately reveal islet dysfunction. Clearly, these concepts must be applied to longitudinal studies of the pathogenesis of type 2 diabetes, in which ␤-cell defects can be masked by simultaneous insulin resistance and compensatory upregulation of insulin response to approach that of nonaffected subjects. Example 2: lipid infusion. Considerable debate has centered on possible stimulatory effects of plasma free fatty acids on ␤-cell function (23, 24) . Other data have supported a "lipotoxic" effect (25, 26) . To examine this controversy, Boden et al. (27) performed elegant studies of the effects of lipid infusion on insulin response in human subjects. After a 48-h infusion of Liposyn, they observed an apparent doubling of ␤-cell response (Fig. 4) . This enhancement may at first glance be considered supportive of a direct effect of free fatty acids (FFAs) to stimulate the ␤-cells. However, it is well documented that FFAs induce insulin resistance (29, 30) . The studies of Boden et al. confirm the insulin resistance: infusion of Liposyn reduced insulin sensitivity from 74 to 38 mol ⅐ min -1 ⅐ kg -1
(assessed in glucose clamps). What is the effect on ␤-cell function? Lipid infusion upregulated insulin secretory response from 300 to 600 pmol ⅐ l -1 ⅐ min -1 , exactly in concert with a constant DI value of ϳ22,200 (74 ϫ 300 or 38 ϫ 600). Therefore, it is reasonable to conclude that the FFA infusion directly affected insulin action only, and the increase in insulin secretion was the normal pancreatic compensation for enhanced insulin resistance. While Boden et al. may have understood this relationship between sensitivity and secretion, their data will be misunderstood by others and interpreted as supporting a direct effect of FFAs on insulin release in vivo. No direct effect on the pancreas was obvious.
Failure to take into account the hyperbolic relationship may also lead to misinterpretation of population studies. Table 1 lists preliminary results from the Insulin Resistance and Atherosclerosis Study (IRAS), in which insulin sensitivity and secretion were measured in a total of 1,524 subjects with normal glucose tolerance, impaired glucose tolerance (IGT), or type 2 diabetes (31). The relative defect in acute insulin response in subjects with IGT was 36%-this could well be interpreted as a mild impairment. However, subjects with IGT were also insulin resistant: S I was 43% reduced. If a subject with normally functioning ␤-cells were insulin resistant to that extent, one would expect an increase in acute insulin response-similar to the finding of Boden et al. with lipid infusion. However, the reduction in acute insulin response in the face of insulin resistance suggests a much more substantial reduction in islet health; in fact the DI, which corrects insulin response to resistance, was reduced by nearly 70%, confirming a severe defect in islet function in IGT (32) . This reduction matches similar severe ␤-cell defects in subjects with IGT reported by other workers who employed the DI concept (33, 34) . Failure to take the hyperbolic relationship into account in this case would greatly underestimate the ␤-cell defect in subjects with IGT-the reduction in acute insulin response was only 35%. It is likely that populations of insulin-resistant subjects with apparently normal insulin secretion exist where the secretory defect is masked by upregulation of insulin response due to the insulin resistance. Given recent efforts to prevent or delay the development of type 2 diabetes, it is incumbent on the diabetes research community to identify individuals with the earliest islet cell defects. Unmasking ␤-cell defects. The two examples stated, plus a third confirming reduced ␤-cell function in aging, are summarized in Fig. 5 . Note the apparent increase in ␤-cell response in the 48-h lipid-infused subject; DI was not changed, indicating no change in ␤-cell function. In aging, no apparent change in islet function masks a severe ␤-cell dysfunction, which is evident when insulin resistance of aging is taken into consideration. The DI was reduced Ͼ75%. ␤-Cell dysfunction may be an important component in the glucose intolerance associated with aging. Finally, the defect in islet function in subjects with IGT is substantially underestimated without correcting for resistance, as employed in the disposition index approach. The data in Fig. 5 emphasize the importance of calculating DI or some similar parameter to unmask the "real" ␤-cell function in studies employing intact organisms including human volunteers. Mechanisms of ␤-cell upregulation and role in pathogenesis of disease. What message relating to pathogenesis of disease emanates from the hyperbolic relationship?
The concept of the 2-hit causality implies that different environmental and/or genetic causes will determine insulin action and ␤-cell function and their individual contributions to disease (Fig. 6A) . Thus, we presuppose that environmental factors such as glycemia itself, FFAs, cytokines (tumor necrosis factor ␣, leptin, interleukin-6?), and/or islet amyloid polypeptide (36) may slowly damage ␤-cells. Simultaneously, obesity, FFAs, and genetic predisposition result in insulin resistance. When the sinister combination of reduced islet function and insulin resistance reach a critical juncture, diabetes ensues. It may be argued, however, that to understand diabetes we must understand the signals that relate insulin resistance to pancreatic response in normal subjects (Fig. 6B) . Possibly the cause of diabetes is related to a failure of signaling from the insulin-resistant tissues to elicit the appropriate ␤-cell increment in sensitivity to glucose and other stimuli.
But are these signals known?
The glucose hypothesis. It is reasonable to propose that glucose itself is the critical signal by which the peripheral tissues communicate. By this concept, insulin resistance will engender a subtle glucose intolerance. The elevated glucose-either fasting or prandial-will, in turn, stimulate the ␤-cells over time to be more sensitive to glucose as well as other secretagogues, thus enhancing the insulin response and mitigating the degree of intolerance. This hypothesis cannot at present be rejected. However, there are few data directly implicating glucose itself as the signal upregulating islet responsiveness with mild to moderate insulin resistance. Certain considerations indicate that other signals may play a role. In normal pregnancy, for example, severe insulin resistance and enhanced ␤-cell sensitivity prevent glucose intolerance despite a reduction in fasting glucose (37) . Is it possible that signals other than glucose play a role in upregulation of islets during moderate insulin resistance? May failure of this system play a role in development of diabetes? GLP-1 as a "compensatrin." We have recently introduced a model of moderate visceral adiposity in the dog (10). Diet was supplemented with 50 g fat per day-much less than that employed in earlier studies (38, 39) . This diet caused accumulation of central and subcutaneous fat. Metabolic changes included a 50% reduction in insulin sensitivity within a fortnight, which was maintained through 12 weeks of the elevated fat diet. Accompanying insulin resistance was upregulation of first-phase insulin response, as well as reduction in insulin clearance (Fig. 7) . In a recent study, we addressed the question of the signal that might explain the islet upregulation. With fat feeding in the dog, we measured the expected fasting hyperinsulinemia, suggesting insulin resistance. Surprisingly, fasting glucose did not increase, nor did glucose tolerance worsen. In fact, fasting glucose values were significantly reduced, despite fasting hyperinsulinemia (10, 40) . This outcome is reminiscent of pregnancy, in which insulin resistance and hyperinsulinemia are associated with a paradoxical decline in fasting glycemia. These data suggest that glucose itself may not be the only signal that can upregulate islet sensitivity in insulin-resistant states. We envision two possible mechanisms that can upregulate the ␤-cells. One is the expected impairment of glucose tolerance associated with insulin resistance (Fig. 8A) , which leads to chronic glycemic stimulation. An alternative (Fig. 8B) , which may apply in dietary fat-induced resistance, is primary nutrient stimulation of the L-cells of the gut, leading to increased glucagon-like peptide-1 (GLP-1) which, in turn, potentiates the ␤-cells to oversecrete insulin. The oversecretion drives the glucose levels paradoxically lower. Thus, gut factors such as GLP-1 may not only serve to enhance insulin release during food ingestion acting as incretins, but they may also play a role in establishing hyperinsulinemia to compensate for dietinduced insulin resistance. Thus, they may be not only incretins, but in the compensating role, we may refer to them as "compensatrins." Final points. Maintenance of glucose tolerance is an important protective mechanism for vertebrates. Reduced glucose endangers function of the central nervous system, leading to inability to compute appropriate responses to environmental risk. Elevated glucose leads to protein glycation and general organ failure. It is no surprise that a complex and robust feedback system has evolved to constrain glycemia within narrow limits.
A fundamental principle of glycemic regulation in higher organisms is the insulin feedback system. Whereas the moment-to-moment importance of insulin in re-regulating glucose after nutrient ingestion has long been appreciated, equally important is the slower compensatory relationship between insulin secretion and action which optimize blood glucose and minimize periodic absorptive hyperglycemia. In this sense, glucose regulation is reminiscent of regulation of body fuel stores, which depends on an acute system regulating hunger and a slower system re-regulating adipose stores after periods of fuel scarcity (41) .
Central to long-term glucose regulation is the dialectic between insulin secretion and insulin action. The long period of dialectic debate as to whether insulin resistance or ␤-cell defect was primary has given way to the consensus that both are important and usually necessary for type 2 diabetes. Not enough emphasis, however, has previously focused on the normal interaction between these biological processes and the robust ability of the normal islet cells to compensate. This compensation was of little significance in a world of limited food supply. Given the relative abundance of energy supply in much of the Westernized world, the compensatory ability of the ␤-cells is the single physiological process that protects well-fed individuals from the scourge of type 2 diabetes. It is apparent that while European populations that have long been able to muster adequate food supplies can usually exist with elevated insulinemia but glycemic regulation, populations only recently exposed to extensive energy supply are not able in many cases to compensate, and are thus at greater risk for disease (42) . Important questions remain about islet compensation. As discussed, there may be several molecules that signal the islets to increase sensitivity to stimulation in insulin-resistant conditions. If such signals are identified (glucose, GLP-1?, glucose-dependent insulinotropic polypeptide?), it will be necessary to determine whether resistance of muscle or diet itself is the primary stimulus to ␤-cell compensation.
It is possible that the insulin sensitivity of muscle, liver, and adipose tissue may themselves play a regulatory role and are sensitized by insulin to ultimately reduce the hyperinsulinemia necessary to keep glycemia within normal ranges. The relative importance of ␤-cell upregulation versus insulin-mediated sensitization of target tissues to overall maintenance of glucose tolerance remains to be clarified.
It is implied in these discussions that the DI is constant for a single individual at a single point in life. However, if glucose is the primary stimulus to upregulation of islets, it is likely that the DI will be reduced as insulin resistance increases, thus maintaining a glycemic stimulus to the ␤-cells to oversecrete (C. Bogardus, personal communication). However, if signals other than glucose are invoked as pancreatic sensitizers, then the DI might remain constant. Careful longitudinal studies will be required to examine the efficiency of compensation in single individuals and the changes in the compensatory processes in those at risk.
Finally, and potentially most important, are questions regarding why islets fail to adequately compensate for insulin resistance in those truly at risk for type 2 diabetes. It appears unlikely that defects in the process of compensation will be revealed from short-term studies of insulin release but will be centered on the more complex pathways of chronic regulation of islet granule content and constitutive secretion. These questions of long-term compensation are difficult to address, particularly in the in vivo situation. Possibly studies of the genetics of the heritable DI may ultimately identify genes that code for the critical protein or proteins that play the pivotal role in the compensatory process. Clearly, much needs to be done.
